For achieving a balance between the operational safety and efficiency of a variable speed direct expansion air conditioning system, a new capacity controller that can not only simultaneously control indoor air temperature and humidity, but also select an optimized degree of superheat setting to properly balance the operational safety and efficiency has been developed, by adding a control module to a previously developed capacity controller. The core of the control module was an artificial neural network based model representing the known relationship between the inherent operational characteristics and operational stability of a variable speed direct expansion air conditioning system. Using the control module developed, the degree of superheat setting could be varied in accordance with the variation in operating conditions for ensuring a safe and an efficient operation. The performance of the new capacity controller was experimentally tested using an experimental variable speed direct expansion air conditioning system. Controllability test results showed that the system hunting was mitigated when a larger degree of superheat setting was selected by the developed control module and an improvement in COP at about 3.4% was achieved when a smaller one was selected when using the new capacity controller for simultaneously controlling indoor air temperature and humidity. Practical application: This paper reports a new capacity for a VS DX A/C system, which can not only control indoor air temperature and humidity through varying compressor and supply fan speeds, but also select an optimized DS setting for ensuring both a safe and efficient system operation. The controllability test results showed that the new capacity controller could be applied to DX A/C systems for indoor thermal control with a higher operational safety and energy efficiency.
Introduction
Air conditioning (A/C) systems are extensively used in buildings to ensure occupant thermal comfort, and thus energy used for A/C takes a large share of the total energy consumption in buildings. For example, approximately 40% of all the energy consumption in the US was by heating, ventilation and air conditioning and refrigeration systems in 2011. 1 In Hong Kong, the energy use for space A/C and refrigeration accounted for 36% of the total power consumption in 2013. 2 Therefore, improving the operational efficiency of A/C systems would significantly contribute to both environmental protection and sustainable development.
In a direct expansion (DX) A/C system, supply air is directly cooled by the expansion of refrigerant inside its DX evaporator. Hence, DX A/C systems have simpler configuration, higher energy conservation and less initial investment. Therefore, DX A/C systems are extensively used in different types of buildings, especially in small-to medium-scale ones. 3, 4 With the application of variable speed (VS) technology to DX A/C systems, compressor and supply air fan speeds in a DX A/C system can be simultaneously varied by using variable speed drives (VSD), paving the way to simultaneously control indoor air temperature and humidity. In a VS DX A/C system, as the variation in its compressor and supply fan speeds will lead to the corresponding changes in the output sensible and latent cooling capacities, the different sensible and latent cooling loads in the space served by the DX A/C system could be satisfied through varying both compressor and supply fan speeds and thus the simultaneous control over indoor air temperature and humidity achieved. Over the years, a number of advanced controllers have been developed to achieve simultaneous control over indoor air temperature and humidity using VS DX A/C systems, including a direct digital capacity controller, 5 a socalled H-L controller, 6 a dynamic artificial neural network (ANN)-based controller 7 and a semi-physical model-based controller. 8 On the other hand, due to the advantages of rapid response, nearly linear valve characteristic and easy realization of programmed control, electronic expansion valves (EEVs) are widely used in DX A/C systems for regulating the refrigerant mass flow rate entering the evaporator in response to the degree of refrigerant superheat (DS) at the evaporator exit, so that a desired operating DS could be maintained. The operating DS is a very important operating parameter for a DX A/C system, affecting both its operational stability and operational efficiency. In order to get the highest possible heat transfer effectiveness for an evaporator, its twophase region should occupy as much as possible of the evaporator. However, if the two-phase region gets closer to evaporator exit, as reflected by a smaller operating DS, unstable operation of the DX A/C system, which is commonly referred as hunting, 9,10 may result. When hunting occurred in a refrigeration system, its key operating parameters would fluctuate, resulting in a shorter lifespan of both EEV and compressor and negatively impacting the operational safety and energy efficiency. 11, 12 Therefore, DS setting should be well selected for ensuring both operational stability and efficiency. In addition, it has been previously experimentally shown that the VS operation and different inlet air states to the evaporator also significantly impacted the operational stability of a DX A/C system. 13 The operating DS would fluctuate when a DX A/C system was VS controlled for regulating both indoor temperature and humidity, eventually leading to an unstable operation of the system. 14 However, in these reported studies [5] [6] [7] on developing controllers for regulating both indoor temperature and humidity, usually a constant DS setting of not smaller than 6 K was used, so that the chance of hunting was small. Furthermore, a constant indoor air state, for example, at 25 C and 50% relative humidity (RH) was set, and thus the issues of the operational stability when a DX A/C system was VS operated at different inlet air states were not taken into consideration.
According to the previous study 13 on investigating the inherent operational characteristics and operational stability of an EEV-controlled experimental VS DX A/C system equipped with a VS rotary compressor and a VS centrifugal supply fan, a higher compressor speed or a lower supply fan speed, and a lower inlet air temperature or RH would result in a higher possibility for system hunting. A larger operating DS should be set when the DX A/C system is likely to be unstably operated and vice versa, so that hunting may be mitigated and a balance between operational efficiency and operational safety achieved. Therefore, the issues of the operational stability when a DX A/C system is VS controlled for achieving simultaneous control over indoor temperature and humidity may be addressed by varying its DS setting in accordance with the changes in compressor/ fan speeds and inlet air states.
Consequently, a previous capacity controller 15 for the experimental VS DX A/C system for achieving indoor temperature and humidity control but at a constant DS setting, was further developed by adding a control module which can search for and establish an optimized DS setting for the experimental DX A/C system under VS operation. A new capacity controller that can not only simultaneously control indoor air temperature and humidity, but also select an optimized DS setting to properly balance the operational efficiency and safety, has been developed and the development results are presented. In the next section, an overview of the new capacity controller is presented. Then we describe the development of a DS setting establishment (DSE) module with a brief review on the previous related studies being included. This is followed by a section where we report the experimental conditions and results of controllability tests when the new capacity controller was implemented in an experimental system. The related discussions are given in the last section.
Overview of the new capacity controller
The new capacity controller for the experimental VS DX A/C system is schematically shown in Figure 1 . As seen, this new capacity controller was developed by adding a DSE module to the previous capacity controller. 15 The new capacity controller was therefore made of three parts. Two of the three parts, a conventional proportional-integral (PI)-based DS controller and a proportional-derivative (PD) law-based fuzzy logic controller (PFC) were existing, and the third part, the DSE module, was the additional module developed.
The PFC was previously developed by Li et al. 15 for simultaneously controlling indoor temperature and humidity via continuously varying speeds of compressor and supply fan in the experimental VS DX A/C system. It was previously shown that, compared to the other previously developed controllers, [5] [6] [7] adequate control accuracy and sensitivity could be achieved over a wider range of operating condition through using the PFC. 15 By applying fuzzy logic principles, a complicated physical model was not required, thus making the PFC simpler and easier to implement than the physical model-based controller. 5 Therefore, in the new capacity controller, the same PFC was adopted for the simultaneous control over indoor air drybulb temperature, T db and wet-bulb temperature, T wb , by continuously outputting the control signals of compressor speed, u c , and supply fan speed, u f . In addition, unlike in the previous capacity controller with a constant DS setting, 15 in the new capacity controller, the DS setting, R DS , was established by the DSE module, and thus could be varied in accordance with the changes in compressor/ fan speeds and evaporator inlet air states. During the experiments, no fresh air was introduced, and thus the indoor air states were considered as the same as those at the evaporator inlet. Therefore, when the experimental VS DX A/C system was controlled by the PFC, the state of the operating conditions as represented by the above four key operating parameters, i.e., u c , u f , T db , and T wb , was provided to the DSE module. Based on the known relationship between the inherent operational characteristics and operational stability of the experimental VS DX A/C system, the DSE module would then output an optimized DS setting, R DS , to the conventional PI-based DS controller. According to the error between the actual operating DS and the optimized DS setting, or e, the conventional PI-based DS controller would output a corresponding control signal of EEV's opening, u EEV , to regulate the refrigerant mass flow rate entering the evaporator until e was within its preset range.
DSE module
As mentioned, in the new capacity controller, the DSE module was used to establish an optimized DS setting, R DS , which was based on the known relationship between its inherent operational characteristics and operational stability of the experimental VS DX A/C system. Therefore, a brief review of the previous studies on investigating the known relationships is also included in this section.
The relationship between the inherent operational characteristics and operational stability of the experimental VS DX A/C system For a VS DX A/C system, the inherent correlations (ICs) between its output total cooling capacity (TCC) and output equipment sensible heat ratio (E SHR) at different compressor and supply fan speed combinations but at a constant inlet air state were firstly studied by Xu et al. 16 Li et al. 17 also studied the ICs at various inlet air states using the same experimental VS DX A/C system. Their studies clearly revealed that the output TCC and output E SHR of a DX A/C system under VS operation were strongly coupled and mutually constrained within a trapezoid when the two parameters were X-Y plotted in the same diagram. However, in these studies, a constant DS setting was used, and thus the issue of operational stability was ignored. Therefore, Xia et al. 13 further studied the relationship between the inherent operational characteristics and operational stability of the experimental VS DX A/C system at different DS settings and inlet air states when it was VS operated. A prescribed range of fluctuation of AE0.5 K in operating DS was used to assess whether the operation of the system was stable or not. The ICs between output TCC and output E SHR of the experimental DX A/C system considering its operational stability when it was VS operated at various inlet air states (ICs_os) were developed by identifying the unstable operating regions in a TCC-E SHR diagram, such as these shown in Figure 2 . The values of ICs_os of the experimental VS DX A/C system under different groups of experimental operating conditions listed in Table 1 were experimentally obtained, suggesting that VS operation and different inlet air states to the DX evaporator significantly affected the operational stability of the experimental VS DX A/C system. A higher compressor speed or a lower supply fan speed, and a lower inlet air temperature or RH would result in a higher possibility for the VS DX A/C system to be unstably operated.
As an example, Figure 2 shows the ICs_os at different DS settings for Case T-25 listed in Table 1 . As seen, reducing the speed of supply fan or increasing the speed of compressor would move the experimental VS DX A/C system into an unstable operating region. While different DS settings would not significantly influence the output TCC and output E SHR at a specific speed combination, and thus the shape of a TCC-E SHR trapezoid, they did impact the operational stability of the experimental system. A lower DS setting would result in a larger unstable operating region in the TCC-E SHR trapezoid, and vice versa. Therefore, for ensuring a stable operation of the experimental DX A/C system, a larger DS setting should be set when the chance of its unstable operation was high; otherwise, a smaller DS setting should be set for getting the highest possible heat transfer effectiveness of the evaporator. Consequently, if DS setting could be varied as guided by the available ICs_os, hunting of the VS DX A/C system may be mitigated and a balance between its operational efficiency and safety achieved when it was VS operated for controlling both indoor temperature and humidity.
Development of the DSE module Figure 3 shows the detailed configuration of the DSE module for establishing an optimized DS setting, R DS . As seen, its core was a mathematical model that represented the ICs_os for the experimental VS DX A/C system, so that at a given combination of u c , u f , T db and T wb , an optimized DS setting, R DS , may be established and output to the PI-based DS controller. Therefore, the key to the development of the DSE module was to establish the mathematical model of the ICs_os. When modelling, while a number of modelling techniques were available, ANN-based modelling approach was used due to its robust ability in recognizing and capturing the inherent relationships of a physical system. Furthermore, the ANN technique has been successfully applied to model thermal systems, including heat exchangers, 18, 19 refrigeration systems 20, 21 and heat pumps. 22, 23 It was previously shown that the inherent operational characteristics of a VS DX A/C system could be well recognized and captured by using ANN-based modeling approach.
24,25
Development of an ANN-based mathematical model of the ICs_os. When establishing the ANN-based model of the ICs_os, an index, S, for indicating the operational stability of the experimental VS DX A/C system was introduced. A value of 1 was assigned to S when the system was stable, and 0 otherwise. Therefore, using u c , u f , T db , T wb and R DS as inputs and S as an output, a five-in one-out ANN-based model of the ICs_os to assist establishing an optimized DS setting was developed.
A multilayer ANN architecture was used which was generally made of three layers, namely, an input layer, a hidden layer or layers and an output layer. There were several neurons in each layer. Neurons between the adjacent layers were connected through synaptic with different weights and biases. By trial and error, a 5-10-1 network was selected for the ANN-based model. Figure 4 shows the structure of the selected ANN with 10 neurons in 1 hidden layer along with 5 in the input layer and 1 in the output layer. Feedforward back-propagation strategy was adopted to train the ANNbased model. When training, a run was defined as once regulating the weights and biases using one set of training data. An adequate number of runs are required to form a cycle. Many cycles were then repeated so that weights and biases could be obtained successively from all training data. Two indexes, namely correlation coefficient, R, and root mean square error (RMSE), were adopted to evaluate the accuracy of a trained ANN model.
The correlation coefficient between a target output set, t, and a predicted output set, p, is defined as 26 Rðt, pÞ ¼ Covðt, pÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi Covðt, tÞCovðp, pÞ p ð1Þ
where Cov (t, p) is the covariance between the target output set and the predicted output set. A correlation coefficient indicates the linear relationship between the target output set and the predicted output set. The closeness of R to unity indicates the prediction accuracy of an ANN-based model.
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The RMSE represents the standard deviation of the differences between the target output set and predicted output set, which is evaluated by:
where N is the total number of data sets used during the training. Using the available experimental data of the ICs_os for the experimental VS DX A/C system obtained in the previous study, 13 the ANNbased model of the ICs_os was trained and further tested. There were totally 450 experimental data sets which were separated into two parts; 382 data sets ($85% of the total data sets) were randomly selected for training the ANN model and the remaining 68 data sets ($15% of the total data sets) were then used for testing the ANN model. For the ANN model to be developed, the training results showed that its R and RMSE for all the outputs at the last cycle were 0.994 and 0.0063, respectively, demonstrating a high prediction accuracy. On the other hand, when using the remaining 68 data sets to test the trained ANN model, R and RMSE between the predicted and tested data were equal to 0.959 and 0.128, respectively, suggesting a relatively poorer performance as compared to the training results. This was because the predicted output of the trained ANN, S p , ranged from 0 to 1, but the target output, S t , was either 0 or 1. Therefore, for consistency, the predicted output for the trained ANN, S p , was taken as 1 when its value was greater than 0.9, or 0 otherwise. Consequently, 67 out of the 68 sets of testing data were predicted with 98.5% accuracy when using the trained ANN-based model of the ICs_os to predict the operational stability of the system, which was adequate for the DSE module to establish an optimized DS setting. Figure 5 is a flowchart showing the operation of the DSE module. As seen, at the start, an initial DS setting, R DS_i , of 4 K, same as the minimal DS setting used for developing the ANN-based model of ICs_os, was assigned to R DS . With the measured inputs of u c , u f , T db and T wb , as well as R DS_i , the ANN-based model of ICs_os was adopted to predict the operational stability of the VS DX A/C system. If a stable operation was predicted, namely, S p ¼ 1, the R DS_i was taken as the output DS setting, i.e., R DS . Otherwise, an increment of 0.1 K was assigned to R DS_i and the whole prediction process was not stopped, until a R DS with which a stable operation for the VS DX A/C system was predicted was identified and output to the PI-based DS controller. As indicated by the prediction process, this identified R DS would be a minimal DS that can on one hand ensure a stable, and on the other an efficient system operation.
Controllability tests Experimental conditions
The new capacity controller was implemented in the same experimental VS DX A/C system used in a previous study 13 to test its control performance. Figure 6 shows the schematic diagram of the experimental VS DX A/C system with the new capacity controller being adopted. The detailed descriptions of the experimental system can be found in the previous studies. 13 To experimentally demonstrate the performances of the new capacity controller, using the measured performances of the previous capacity controller 15 with a constant DS setting of 6 K as the basic for comparison, two different sets of controllability test were conducted. The first set (Test I) was for testing the performance of the experimental VS DX A/C system using the previous capacity controller and the new one when the settings of T db and T wb were reduced, and the second set (Test II) for that when their respective settings were increased.
Since the selection of the optimized DS setting, R DS , was determined by the DSE module based on the ICs_os of the experimental VS DX A/C system obtained in the previous study, 13 therefore, the same set of PI control settings, namely À0.5 for the proportional gain and 40 s for the integral time, were adopted for the PI-based DS controller in all the tests. During experiments, the DS setting for the previous capacity controller was fixed at 6 K. The condenser cooling air flow rate was kept constant at 4100 m 3 /h with fixed 35 C inlet air temperature. A prescribed fluctuation range of AE0.5 K in operating DS was used to assess whether the operation of the experimental system was stable or not.
Experimental results

Test I results. In this test, both T db and T wb
were maintained steadily at 26 C and 19 C at the start of the test, when the u c and u s were fixed at 60% and 80% of their maximum speeds, respectively. Then their respective settings were reduced to 25 C and 18 C at 1000s. The test results are shown in Figures 7 to 9 . Figures 7 and 8 show the measured variations in the operating parameters under the previous and the new capacity controllers, respectively. As seen in Figures 7(a) and 8(a) , the two controlled parameters of T db and T wb under both controllers could reach their new respective settings at about 4500 s and stayed steadily at their new settings for the remaining test. However, as shown in Figure 7(b) , while the measured DS under the previous capacity controller was stable at 6 K at first, it started to oscillate and finally became unstable with a fluctuation range of $AE 2 K after T db and T wb reached their respective settings, resulting in frequent opening and closing of the EEV. On the other hand, as shown in Figure 8(b) , the measured DS under the new capacity controller was stable at 4 K before 1000 s into the test. After changing the air temperature settings at 1000 s, a stable DS was also maintained at 4 K, although experiencing some fluctuations during transition. When T db and T wb reached and were kept at their respective settings, the measured DS was increased and finally settled at about 7 K. This clearly suggested that the new controller can appropriately adjust the DS setting form 4 K to 7 K to avoid the unstable system operation, when the experimental VS DX A/C system was operated at a lower indoor air temperature, a higher compressor speed and a lower supply fan speed than those at the start of the test, requiring a larger DS setting to ensure its stable operation. However, this was not possible with the previous capacity controller as a constant DS was incorporated. Figure 9 demonstrates the detailed comparison of the measured operational efficiency under both controllers in terms of coefficient of performance (COP). As seen, due to the variations of the operating DS caused by hunting, the measured COP also fluctuated between 2.82 and 3.01 under the previous capacity controller when the indoor air states reached the new steady state. However, the measured COP under the new capacity controller was about 2.95. On average, a slight improvement of $1.2% in COP was achieved as compared to that under the previous capacity controller. This improvement in COP was due to the mitigation of system hunting, which would lead to a higher energy consumption of a refrigeration system. 11, 12 When hunting occurred in the experimental system, the fluctuation of the operating DS would cause the corresponding fluctuation of compressor suction temperature, consequently leading to a higher energy consumption of the compressor. Therefore, a slight improvement in operational efficiency was also achieved under the new capacity controller as the DS setting selected by the DSE module was the minimal one to ensure both a stable and an efficient system operation.
Test II results. In this test, at first, both T db and T wb were maintained steadily at 25 C and 17.5 C, respectively, when both the u c and u f were fixed at 80% of their maximum speeds. Then, the respective settings for T db and T wb were increased to 26 C and 18. 11(b) show the measured variations in the measured DS and EEV's opening under both controllers. As seen, the measured DS under both controllers was stable at 6 K at the beginning of the test. After increasing air temperature settings, the measured DS under the previous capacity controller could become stable again after experiencing certain fluctuations during transient period and was maintained at its setting of 6 K for the rest of the test. However, the measured DS under the new capacity controller remained virtually stable at its minimal setting of 4 K, after T db and T wb reached their new settings at about 3500 s. This demonstrated that, as shown in Figures  10(a) and 11(a) , after the experimental VS DX A/C system reached a new steady state, it was operated at a higher indoor air temperature, a lower compressor speed and a higher supply fan speed, than those at the beginning of the test, and thus a smaller stable DS could be adopted. Figure 12 shows the detailed comparison of the measured COP under both controllers. As seen, while the COP values under both controllers were almost the same at the beginning of the test, the COP value under the new capacity controller was always higher than that under the previous capacity controller when the operating DS was maintained at 4 K. Consequently, after the experimental system reached the new steady state at about 3500 s, the average COP was improved by 3.4% in comparison with those under the previous capacity controller, demonstrating a better operational efficiency. The improvement in COP was caused by more effective use of the heat exchange surface area of the DX evaporator when a smaller stable operating DS was maintained.
Discussions
It can be seen from the experimental results that using the new capacity controller, because of using the varied DS setting, two improvements for the experimental VS DX A/C system can be achieved when it was VS operated for simultaneously indoor temperature and humidity control. Firstly, system hunting can be mitigated when a relatively large DS setting was selected by the new capacity controller. Hunting, as reflected by the oscillation of system operating parameters, would result in a shorter lifespan of EEV due to its frequent opening and closing, and might eventually lead to the failure of a compressor, resulting in a lower operational safety of refrigeration systems. 11, 12 Furthermore, the oscillation in the operating DS caused by hunting would also lead to the corresponding fluctuation in compressor suction temperature, and thus leading to a higher system energy consumption. Therefore, for ensuring a safe and an efficient operation of a DX A/C system, it was necessary to prevent hunting from happening. Secondly, a slight improvement in COP of the experimental VS DX A/C system can be achieved because of the mitigation of hunting when a larger DS setting was selected by the new capacity controller and the more effective use of the evaporator when a smaller one was selected. It should be noted that while the potential improvement in COP was relatively small under the new capacity controller, due to the extensive use of DX A/C systems in buildings, the practical application of the new capacity controller would also significantly contribute to energy savings. Consequently, by using the new capacity controller for simultaneously controlling indoor temperature and humidity, possible system hunting may be mitigated, and a balance between the operational safety and efficiency also achieved. Furthermore, the development of the new capacity controller also demonstrated the application of using the ICs_os for solving practical control problems. 
